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HER-2/n u as a Therapeutic Target in Non-Small Cell Lung 
Cancer, Prostate Cancer, and Ovarian Cancer 

David B. Agus, Paul A. Bunn, Jr, Wilbur Franklin, Marileila Garcia, and Robert F. Ozols 



HER-2/neu is overexpressed in most epithelial malig- 
nancies. Lung cancer, prostate cancer, and ovarian can- 
cer are common epithelial tumors^n which clinical 
trials are currently in progress to explore the potential 
therapeutic role for monoclonal antibodies to HER- U 
neu (trastuzumab [Herceptin; Genentech, Inc, South 
San Francisco, CA]). In preclinical studies with tumor 
cell lines, trastuzumab was found to have additive and 
synergistic effects with some chemotherapeutic agents. 
Clinical trials investigating combination chemotherapy 
with trastuzumab and a variety of chemotherapeutic 
agents are already in progress in lung cancer. 
Semm Oncoi 27 (iuppl I ',):55-£3. Ccpyngkt @ 2000 
WB. Saunders Company. 

HER-2/neu is overexpressed in most epithelial 
malignancies, especially adenocarcinomas. 1 
Lung cancer, ovarian cancer, and prostate cancer 
are no exceptions. In this report we will examine 
the potential therapeutic role for monoclonal an- 
tibodies to HER-2/neu in these common malig- 
nancies, either as a single agent or in combination 
with chemotherapy. 

EXPRESSION OF HER-2/neu IN 
LUNG CANCER 

HER-2/neu is rarely overexpressed in small cell 
carcinomas, is sometimes overexpressed in large 
cell and squamous carcinomas, and is frequently 
overexpressed in adenocarcinomas. 2 - 3 In cell lines 
of adenocarcinomas of the lung that overexpress 
HER-2/neu, monoclonal antibodies to HER-2/neu, 
such as trastuzumab (Herceptin; Genentech, Inc, 
South San Francisco, CA), receptor HER-2/neu- 
specific tyrosine kinase inhibitors, and immuno- 
toxins inhibit growth both in vitro and in vivo. 4 ' 6 
The monoclonal antibody trastuzumab produces 
synergistic growth inhibition with a number of 
chemotherapeutic agents such as the taxanes and 
gemcitabine. These facts have led to a number of 
clinical trials of trastuzumab alone and in combi- 
nation with chemotherapeutic agents in untreated 
patients with advanced non-small cell lung cancer 
(NSCLC) and in previously treated patients. 

Table 1 summarizes published studies reporting 
on the expression of HER-2/neu in lung cancer cell 
lines. 7 ' 11 It is obvious that overexpression is high- 
est in non-small cell histologies including adeno- 



carcinoma, squamous, and large-cell tumors, but is 
rare in small cell lung cancer (SCLC) cell lines. 
The frequency of overexpression in adenocarci- 
noma of the lung is similar to that seen in breast 
cancer cell lines. The experience at the University 
of Colorado Cancer Center in studies of HER-2/ 
neu expression in lung cancer cell lines is summa- 
rized in Table 2. As in studies from the literature, 
the frequency of overexpression is similar in ade- 
nocarcinoma lines of breast or lung origin. The 
degree of overexpression, as expressed by the mean 
fluorescence intensity determined by FACS anal- 
ysis, is less in the lung cancer cell lines. Large cell 
and squamous cell lung cancer cell lines overex- 
pressed HER-2/neu, but with a lower percentage of 
positive cells and a lower fluorescence intensity. 
No overexpression of HER-2/neu was observed in 
SCLC cell lines. 

Studies ofHER-2/neu expression in lung cancer 
samples are surnmarized by histology in Table 3. 3 ' 7 ' 9 - 12 ' 24 
Figure 1 shows an example of a human adenocar- 
cinoma of the lung stained with an antibody to 
HER-2/neu compared with an isotype-matched 
control. As in the cell line studies, overexpression 
is limited to patients with adenocarcinoma, and 
approximately 30% of tumors overexpress HER-2/ 
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- Table I: HEli^neu ^Expression in Lung 


Cancer Cell Unes ?'f 






Cell Type 


Reference Mean No. Tested 


Mean No. Positive 




Analysis 


Adenocarcinoma 

Squamous 

Large 

SCLC 


7-H 10 
7-H 3 
7-9.il s 
9 x 3 


6 
2 
2 
0 




WBA, IP. IA 
NBA, IP, IA, WBA 
NBA, IP, IA WBA 
IP 


Abbreviations: NBA, Northe 


blot analysis; WBA\ Western blot analysis; IP, immunoprecipitation; IA, immunoassay. 





neu. The degree of overexpression may be less than 
in breast cancer but is similar to that in prostate 
and ovarian cancer. Small cell lung cancers rarely, 
if ever, overexpress HER-2/neu. 

PROGNOSTIC IMPLICATIONS 

It is well established that overexpression of 
HER-2/neu in breast cancer is associated with a 
worse prognosis. 25 Although there are fewer stud- 
ies in lung cancer, multiple published studies sug- 
gest that HER-2/neu overexpression also is associ- 
ated with a worse prognosis in lung cancer 
patients. 21 ' 24 

GROWTH INHIBITION BY TRASTUZUMAB 

Several groups, including our own, have studied 
in vitro growth inhibition of lung cancer cell lines 
by antibodies/immunotoxins to HER-2/n^u. 4 - 5 Fig- 
ure 2 shows the growth of human breast and lung 
cancer cell lines exposed to varying concentra- 
tions of trastuzumab. Clearly, the degree of growth 
inhibition is quite similar and dependent on the 
duration of exposure and concentration. The de- 
gree of growth inhibition of the NSCLC cell lines 
was not as great as with high-expressing breast 
cancer cell lines such as SKBR3, especially with 
long duration of exposure, but lung cancer lines 
were growth- inhibited to a similar extent as most 
breast cancer lines. 

We investigated the interactions of trastuzumab 
and various chemotherapeutic agents on the 
growth of lung cancer cell lines in vitro. An isobo- 
logram method developed by Chou and Talalay 26 
was used to analyze the results. We found that 
trastuzumab produces additive or synergistic effects 
on adenocarcinoma cell lines that overexpress 
HER-2/neu, whereas there was no positive inter- 
action with nonexpressing small cell lines. An 



example is shown in Fig 3 where gemcttabine 
shows synergistic interactions with trastuzumab in 
breast and lung cancer adenocarcinoma cell lines 
but not in small cell carcinoma cell lines. 

IN VIVO STUDIES 

Several studies have evaluated the growth inhi- ■ 
bition produced by other inhibitors of HER-2/neu, 
such as a recombinant toxin that was used in 
human lung cancer cell lines grown in athymic 
nude mice. 5 These studies invariably showed in 
vivo growth inhibition that was dose related. An 
example is shown in. Fig 4 where OLX-209 inhib- 
ited the growth of four human lung cancers. 





peli;Llnes7;-x?:^^ 


Cell Line 


% HER-2/neu+ 


. MFI 


Adenocarcinoma Lines 






A549 


72% 


3.7 


H322 


98% 


9.8 


H324 


98% 


ao 


Squamous Carcinoma Lines 






HI57 


62% 


2.8 


NEI8 


93% 


3.9 


Breast Carcinoma Lines 






SKBR3 


100% 


29.0 


ZR75 


100% 


13.0 


T47-DV 


98% 


1 1.0 


Small Cell Carcinoma Lines 






H345 


0% 




H209 


0% 




HI87 


0% 




Large Cell Carcinoma Lines 






HI 334 


74% 


3.0 


H460 


57% 


2.4 


Abbreviation: MFI, mean fluorescence intensity. 
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• -\ "Table 3. 1- 

# aV * t ■ s ■ , i • '■ :■ -xvl"^:; ■ ■ ^ -i> 




inter I. V- .;. ; ^ y 




Cell Type 


Reference 


Mean No. Tested 


Mean % Positive 


Analysis 


Adenocarcinoma 

Squamous 

Large 

NSCLC 

SCLC 


3,7,8,12-18 
3,7.8,12-14,16,17,19 
3.7,8,12,13 
9.20-24 v . 
6.20 


45 
30 

9 
175 

6 


25% 
32% 
31% 
28% 
0% 


SBA, IP, IHC 
SBA, IP, IHC, NBA 
SBA, IP, IHC, NBA 
SBA, IP, PCR 
SBA, IHC 


Abbreviations: SBA, Southern blot analysis; IP, immunoprecipitation; IHC, immunohistochemistry; NBA, Northern blot analysis; PCR, 
polymerase chain reaction. 



MECHANISM OF HER-2/neu 
OVEREXPRESSION 

The mechanism of overexpression of HER- 2/ 
neu in human lung cancer cell lines was examined 
using fluorescence in situ hybridization (FISH), with 
probes for the centromere of chromosome 17 and for 
the region on chromosome 17 where HER-2/neu 
resides. Data for a representative NSCLC cell line 
NCI-H322 (an adenocarcinoma cell line) are shown 
in Fig 5. NCI-H322 has a near-tetraploid DNA con- 
tent, with a chromosome range of 1 10 to 132 chro- 
mosomes/cell. The overexpression of HER-2/neu was 
closely related to the increased copy number, as there 
were 5.7 chromosome 17 centromeres/cell and 6.5 
copies of HER-2/neu/cell for a gene-chromosome ra- 
tio of 1.1. By FACS analysis, 98% of the H322 cells 
expressed HER-2/n£u. In the SCLC cell lines the 
HER-2/neu gene was generally expressed, often 
with increased copy number, but the cell surface 
protein was not expressed, indicating dysregula- 
tion in transcription, translation, or processing. 

CLINICAL TRIALS IN NON-SMALL CELL 
LUNG CANCER 

Because many human lung cancers overexpress 
HER-2/n£u, overexpressing lines can be growth in- 
hibited in vitro and in vivo by trastuzumab, and 
HER-2/neu overexpression is associated with a poor 
prognosis, it is logical to study trastuzumab in pa- 
tients with NSCLC. A number of groups are now 
instituting clinical trials. In essentially all of these 
trials, accrual is limited to patients whose tumors 
have 2+ to 3+ expression of HER-2/neu as tested by 
a central laboratory using immunohistochemistry. 
Some studies are proposed in untreated patients. A 
list of these trials is summarized in Table 4. In all of 



these trials, trastuzumab is given at a loading dose of 
4 mg/kg intravenously on the first week, then 
weekly at 2 nig/kg. As shown, the trials propose to 
use trastuzumab alone and in combination with a 
variety of other chemotherapeutic agents. 

Other trials are proposed in patients for second- 
line therapy as shown in Table 5. Once again, 
trials of trastuzumab alone and combined with 
other agents are planned. The response rate to 
standard chemotherapeutic agents is generally less 
than 10% in these patients, and a response rate of 
20% to a combination would appear promising. 
The University of Colorado Cancer Center plans to 
study gemcitabine in combination with trastuzumab 
because of the synergy noted in vitro and because 
there are no clinical trials of this combination. 

OVARIAN CANCER 

Ovarian cancer was one of the first malignancies 
in which amplification/expression of HER-2/neu 
was felt to have prognostic significance. In 1989, 
Slamon et al 27 showed a decrease in survival in 
ovarian cancer patients whose tumors had gene 
amplification or increased expression of HER- 2/ 
neu. Since that initial report there have been at 
least seven more publications exploring the rela- 
tionship between HER-2/neu expression and prog- 
nosis in patients with ovarian cancer; these reports 
are summarized in Table 6. 27 ' 34 The percentage of 
epithelial ovarian cancer with increased HER- 2/ 
neu expression ranged between 20% and 40%, 
with a median of 26%. However, there was no 
agreement as to the prognostic significance of ex- 
pression, with three studies reporting an adverse 
effect on prognosis. 

The. reasons for the disparate results remain to 
be determined and may reflect different reagents 
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Fig I. lmmunohistochemkal 
assay for HER-2/neu. A human 
lung adenocarcinoma was 
stained with an anti-HER-2/neu- 
specific monoclonal antibody or 
the isotype-matched control an- 
tibody. Lung adenocarcinoma 
showing strong anti-HER-2/neu 
staining (top). The same lung ad- 
enocarcinoma showing no reac- 
tivity with the isotype-matched 
control (bottom). 



used to determine immunoreactivity. The Gyne- 
cologic Oncology Group is performing a large 
study on the prognostic effect of HER-2/neu ex- 
pression in which tumors from all patients are 
similarly evaluated for immunoreactivity. 

The predictive value of expression of HER-2/ 
neu in ovarian cancer also remains to be deter- 
mined. Preclinical data have shown there is a 
synergistic effect on cell kill between antibodies 
directed against HER-2/neu and platinum com- 
pounds. 35,36 The mechanism resulting in the syn- 
ergy remains to be established, although it appears 



that antibodies against HER-2/neu may interfere 
with the tumor cells' capacity to repair DN A dam- 
age associated with the formation of platinum ad- 
ducts. Currently, the best available chemotherapy 
regimen for ovarian cancer consists of the combi- 
nation of the platinum compound and paclitaxel. 37 
It is tempting to speculate that, analogous to the 
observed clinical benefit in breast cancer, combi- 
nation treatment with trastuzumab, a platinum 
compound, and paclitaxel may produce even more 
clinical benefit in ovarian cancer patients whose 
tumors overexpress HER-2/rt£u. However, there 
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Fig 2. Trastuzumab inhibits 
the growth of breast and lung 
cancer cell lines. Breast cancer 
cell line SKBR3 (left). Non-small 
cell lung cancer cell line A549 
(right). Each line was exposed to 
varying concentrations of trastu- 
zumab for varying lengths of 
time. Growth inhibition was de- 
termined by 3-(4,5-dimethy1-2- 
thiazolyl)-2,5-diphenyl-2H tetra- 
zolium bromide assay. Solid 
circle, 48 hours of drug exposure; 
triangle, 72 hours of drug expo- 
sure; open circle, 96 hours of 
drug exposure; +, 120 hours of 
drug exposure. 



2 




120 



80 



60 



10-5 1(H 10* 10-2 10-' 10<> 10 i 
Trastuzumab concentration (uM) 




uiiml .i iuml i until i mml .ninnl. iniml . nuul 



10-3 10 -2 10 -» 100 1 0 1 102 

Trastuzumab concentration (uM) 





Fig 3. Synergistic effects of trastuzumab plus gemcitabine in breast and NSCLC lines. Antagonistic effects of trastuzumab plus 
gemcitabine In SCLC. The two drugs were added simultaneously to each cell line. Following a 5-day incubation, MTT was added and 
the plates were harvested 4 hours later. A combination-Index (CI) in which CI = I indicates an additive effect, CI < I indicates a 
synergism between the two drugs, and CI > I Indicates antagonism between the two drugs. 
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-□ 1%HSA/DPBS 

-O 86fig/kg OLX-209 

43ng/kg OLX-209 



DRUG TREATMENT (Lv.) 

HI 




e 

E, 
ui 

i 

§ 

o 



700- 
600- 

500- 



-Q — CONTROL 

-O 86jig/kg OLX-209 

43jig/kg OLX-209 




TIME (DAYS AFTER CELL INJECTION) 



TIME (DAYS AFTER CELL INJECTION) 



Fig 4. Therapy for tumors formed in mice by human lung adenocarcinomas cell lines Calu-3 (top left), NCI-H 1 446 (top right), A549 
(bottom left), and 20 IT (bottom right). Tumors were established by subcutaneous injection of 5 x 10* cells in the backs of athymic 
nude mice. Therapy was initiated 8 to 1 4 days following injection of cells. Treatment with OLX-209 (at least five mice/group) was given 
intravenously three times, once every 2 days. Tail vein injection was given with I % human serum albumin/PBS. Measurements were 
conducted externally with calipers. Tumor growth is reported as an average relative tumor volume. (Reprinted with permission. 5 ) 



currently are no published clinical data to support 
the use of such a combination. 

GYNECOLOGIC ONCOLOGY GROUP 
TRIALS OF TRASTUZUMAB 

The Gynecologic Oncology Group has initiated 
an evaluation of trastuzumab in recurrent or re- 
fractory ovarian cancer for patients with a primary 
peritoneal carcinoma (Gynecologic Oncology 
Group Protocol 160). 38 This is a phase II open- 
label study to determine the safety and efficacy of 



trastuzumab in metastatic ovarian or primary peri- 
toneal carcinoma patients who have persistent or 
recurrent disease following initial treatment with 
platinum-based cytotoxic chemotherapy and 
whose tumors overexpress HER-2/neu. 

Patients also must have bidimensionally mea- 
surable disease. Trastuzumab is administered as a 
4 mg/kg intravenous loading dose on day 1 and 
weekly thereafter at a dose of 2 mg/kg until disease 
progression. Patients who have a favorable re- 
sponse after the initial 8 weeks (either complete 
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Fig 5. Dual-color interphase (left) and metaphase (right) FISH anal/sis was performed on the NSCLC cell line H322. Red staining 
is from the HER-2/neu probe, and green staining is from the centromere 17 probe. There were 5.7 chromosome 1 7 centromeres/cell 
and 6.5 copies of the HER-2/neu gene/cell. 



response, partial response, or stable disease) and 
then develop progressive disease will be eligible to 
be retreated with a dose escalation to 4 mg/kg 
weekly. All patients will be followed for survival. 

Statistically, this protocol has a two-stage sam- 
pling design with appropriate early stopping rules. 
In the first stage of the protocol, 25 patients will be 
accrued. If the observed number of responses is 
three or less, it is unlikely that the protocol will 



continue. However, if the observed number of 
responses is greater than three, and if medical 
judgment supports the decision, a second state of 
accrual will begin in which 15 additional patients 
will be accrued. The antibody will be considered 
active if the total observed number of responses is 
seven or more. 

Subsequently, it is planned that additional stud- 
ies will be performed with trastuzumab together 



Institution (Principal Investigator) 



Chemotherapy 



Trial Size 



Univ. of Pittsburgh (Belani) 
MD. Anderson (Herbst) 
MSKCC (Miller) 

Univ. of California, Davis (Gandara) 
SWOG (Gandara) 

ECOG* (Johnson) 



Paditaxel + carboplatin weekly 
Gemcitabine + cisplatin every 3 wks 
Docetaxel every 3 wks 
Docetaxel weekly 

Trastuzumab -*■ paditaxel + carboplatin + 

trastuzumab 
Paditaxel + carboplatin ± trastuzumab 



40 
100 
100 

40 
100 

100 



Abbreviations: MSKCC Memorial Sloan-Kettering Cancer Center; SWOG, Southwest Oncology Group; ECOG, Eastern Cooperative 
Oncology Group. 
* Randomized trial. 
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Institution 
(Principal Investigator) 



Chemotherapy Trial Size 



CALGB (Kem) None 40 
Presbyterian/St Luke's of 

Chicago (Bonomi) None 80 

Univ. of Colorado (Kelly) Gemcitabine weekly 40 

SWOG (Gandara) Docetaxel every 3 wks SO 



Abbreviations: CALGB, Cancer and Leukemia Group B; 
SWOG, Southwest Oncology Group. 



with chemotherapy to determine if synergy can be 
shown either with platinum compounds, pacli- 
taxel, or the combination in patients with recur- 
rent ovarian cancer. The major strength of this 
study will be that it will prospectively determine 
the percentage of patients with epithelial ovarian 
cancer whose tumors overexpress HER-2/neu. In 
addition, it will establish a large phase II trial to 
determine whether the antibody alone has any 
activity in recurrent platinum-resistant ovarian 
cancer patients. 



HER2/neu EXPRESSION IN PROSTATE 
CANCER 

There are disparate data with regard to HER- 
2/neu expression in prostate cancer. 39 ' 42 Ross et 
al 40 showed that amplification of HER-2/neu 
correlated with Gleason score, with the mean 
Gleason score of HER-2/n6u unamplified tumors 
being 5.7 and that of HER-2/neu amplified tu- 
mors being 7.5. In this study, 62 cases were 
evaluated by immunohistochemistry (IHC) and 
FISH: 18 cases (29%) were overexpressed by 
IHC, and 27 cases (44%) were amplified by 
FISH. 40 A trend for similar HER-2/new status in 
each prostate cancer by the two methods did not 
reach statistical significance. Sadasivan et al 41 
noted HER-2/neu overexpression by IHC in 9 of 
25 prostatic adenocarcinoma samples. In this 
study, overexpression was correlated with higher 
histologic grade, higher stage of disease, and a 
high S-phase and aneuploidy by flow cytometric 
analyses. 41 Kuhn et al 43 showed overexpression 
of HER-2/neu via IHC on 34% (18 of 53 cases) 
of prostatic adenocarcinomas. Overexpression of 
HER-2/neu did not appear to be a prognostic 
marker for prostate cancer outcome in this 
study. Zhau et al 44 showed 12 of 15 prostate 
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No difference in survival for 
overexpressors in univariate 
and multivariate analysis. 

No association with progression- 
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cancer specimens overexpressed HER-2/neu by 
IHC, which was not detectable in normal pros- 
tate tissues. Visakorpi et al 45 showed no HER- 
2/neu reactivity by IHC in 147 paraffin- embed- 
ded malignant prostatic tissues. 45 Thus, there 
are disparate results in the literature with regard 
to HER- 2/neu expression in prostate cancer. 
This is a reflection of the wide ran^e of anti— 
HER- 2/neu antibodies used, a wide range of tis- 
sue preparations, and a wide range of tumor 
grades analyzed in these studies. In addition, the 
grading system used in these studies was not 
uniform. Many studies use grading systems vali- 
dated for breast cancer samples, but these may 
not be applicable to prostate cancer. There are 
several methods of testing for HER-2/new in 
prostate cancer, including IHC and FISH anal- 
yses. A study by Ross et al 42 showed HER-2/neu 
gene amplification by FISH to be more sensitive 
than IHC in detecting HER-2/neu gene abnor- 
malities. This study was performed on 113 for- 
malin-fixed prostate cancer specimens. 42 There 
are currently ongoing studies evaluating HER-2/ 
neu overexpression using the Dako IHC kit 
(Dako Corp, Carpinteria, CA), which is ap- 
proved by the Food and Drug Administration for 
breast cancer specimens. In addition, studies are 
ongoing comparing the Dako IHC kit with other 
HER-2- directed monoclonal antibodies, as well 
as FISH analysis. Another point to consider in 
the published studies is that most were per- 
formed on prostatectomy tissues or transurethral 
prostatectomy samples and very few were per- 
formed on metastatic, androgen-independent 
disease. Also, heterogeneity in HER- 2/neu ex- 
pression has been noted with prostate xenograft 
tumors as well as primary tumor specimens. 46 
The heterogeneity of cell surface staining ap- 
pears to be distinct from breast cancer HER-2/ 
neu staining. 

Clinical trials are currently ongoing with tras- 
tuzumab in prostate cancer targeted to androgen- 
dependent as well as androgen-independent pa- 
tients. A common problem in these clinical trials 
is that the HER- 2/neu status of the patient is 
commonly determined by looking at primary 
prostatectomy or transurethral prostatectomy sam- 
ples rather than the metastatic disease. Thus, 
when a patient with androgen-independent dis- 
ease is treated with trastuzumab and is termed 
HER-2 positive or negative, this is generally re- 



flective of the primary disease and may or may not 
reflect current disease status. The lack of biopsy 
specimens from androgen-independent disease is 
important to consider in designing clinical trials 
and selecting appropriate patients. 

CLINICAL UTILITY OF TRASTUZUMAB IN 
PROSTATE CANCER 

Because HER- 2/neu may be overexpressed in 
prostate cancer, we examined the effect of trastuzumab 
monotherapy in androgen-dependent (CWR22 
and LNCaP) and androgen-independent (CWR22 
derivatives) prostate cancer xenograft models 47 ' 49 
and the combination of trastuzumab with pacli- 
taxel. 46 We found that trastuzumab alone has an- 
titumor activity in the androgen-dependent hu- 
man prostate cancer xenograft models studied, and 
has at least an additive effect with paclitaxel in 
terms of growth inhibition. Trastuzumab alone had 
no demonstrable antitumor effect in the androgen- 
independent models, but clearly enhanced the ac- 
tivity of paclitaxel. 

Recently it has been shown that overexpression 
of HER-2/neu can allow androgen-independent 
growth in LNCaP xenograft models. 50 All of the 
androgen-independent xenografts used in the de- 
scribed studies expressed androgen receptor, as as- 
sayed by IHC, and overexpressed HER- 2/neu on 
the cell surface. The expression of functional an- 
drogen receptor, coupled with the overexpression 
of HER- 2/neu in the parental tumor cell line 
CWR22, suggests that HER- 2/neu is not expressed 
because of androgen insensitivity in these tumors. 
The lack of response to trastuzumab in the andro- 
gen-independent tumors suggests that the andro- 
gen signaling pathway in the androgen-dependent 
models may be permissive with regard to trastu- 
zumab response. The basis for the ability of tras- 
tuzumab to enhance the paclitaxel antitumor ef- 
fect in androgen-independent prostate cancer is 
uncertain. It is possible that trastuzumab initiates 
or impairs cell signaling pathways that allow for 
increased paclitaxel cell kill. Other mechanisms 
may include immunologic effects or an effect of 
trastuzumab on the tumor concentration of pacli- 
taxel. Growth inhibition in androgen-dependent 
tumors by trastuzumab was accompanied by an 
increased prostate-specific antigen (PSA) index 
when compared with pre treatment values. In con- 
trast, the control-treated animals showed a de- 
crease in the PSA index with time. HER-2/neu 
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overexpression in prostate cancer cells may cause 
androgen- independent growth by activation of the 
androgen receptor signaling pathway in a ligand- 
independent fashion. 50 In the CWR22 model sys- 
tems, trastuzumab binding to HER-2/neu led to 
increased cellular secretion of PSA in an andro- 
gen- independent fashion. This result further sup- 
ports the notion of crosstalk betweeri v die HER-2/ 
neu and androgen receptor signaling pathways. 
The lack of correspondence between the PSA 
index and tumor response will complicate clinical 
trial design, because PSA is routinely used as a 
surrogate for tumor response. Clinical trials are 
currently underway examining the role of trastu- 
zumab in human prostate cancer using endpoints 
other than PSA. Ongoing ciinical trials will help 
to determine the HER-2/neu expression patterns 
in prostate cancer. In addition, the clinical utility 
of trastuzumab in prostate cancer, as monotherapy 
and in combination with chemotherapy, is being 
explored in clinical trials with patients who have 
androgen-dependent and androgen-independent 
prostate cancer. 
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ABSTRACT 

We report a novel means to purge bone marrow of a specific subset of prostate carcinoma cells based on 
transductional and genetic selectivity. Using both adenovirus-polylysine-DNA complexes and ElA/B-deleted 
replication-deficient adenoviruses, we have demonstrated a transductional preference of these vectors for the 
prostate carcinoma cell lines DU 145, LNCaP, and PC-3 over primary human bone marrow cells and the 
leukemia cell line KG-1. We have also shown a genetic selectivity of an anti-erbB-2 intracellular single-chain 
antibody (sFv) encoding adenovirus, Ad21, for the erbB-2-positive prostate carcinoma cell lines DU 145 and 
LNCaP. Delivery of Ad21 resulted in cytotoxicity to the DU 145 and LNCaP, but not PC-3, cell lines and re- 
duced the clonogenic capacity of DU 145 cells cultured alone or mixed with various ratios of irradiated hu- 
man bone marrow. Finally, quantitative, competitive reverse transcription polymerase chain reaction (QC- 
RT-PCR) analysis demonstrated that Ad21 could effectively reduce DU 145 and erbB-2-positive primary 
prostate tumor contamination in bone marrow cultures. Delivery of Ad21 had no effect on the ability of pro- 
genitor cells to form colonies. These results suggest that an anti-erbB-2 sFv-encoding adenoviral vector is ef- 
ficacious for removal of erbB-2-positive prostate carcinoma cells from human bone marrow, and demonstrates 
a novel method for ex vivo genetic purge of malignant cells from bone marrow for autologous bone marrow 
transplantation (ABMT) therapy. 



OVERVIEW SUMMARY etic progenitor cells, and was able to abrogate the clono- 

genicity of DU 145 prostate carcinoma cells mixed with ir- 

Chemotherapy and immunotherapy have been utilized to radiated bone marrow. Quantitative, competitive reverse 

purge human bone marrow of tumor cell populations to im- transcription polymerase chain reaction (QC-RT-PCR) 

prove the prognostic outcome of patients undergoing au- analysis showed that an erbB-2-positive prostate carcinoma 

tologous bone marrow transplantation (ABMT). In this re- cell line and primary prostate carcinoma disease were es- 

port, we show that adenovirus-mediated delivery of an sentially eliminated from bone marrow cells when treated 

anti-erbB-2 single-chain intracellular antibody (sFv) purges with the anti-erbB-2 sFv encoding adenovirus, 
human bone marrow of erbB-2-positive prostate carcinoma 
cells. Both adenovirus and adenovirus-polylysine-DNA 

(AdpL) vectors encoding the luciferase and 0-galactosidase INTRODUCTION 
(0-Gal) reporter genes preferentially transduced prostate 

carcinoma cell lines, but did not transduce either primary A utologous bone marrow transplantation (ABMT) has 

bone marrow cells or a leukemia cell line. The adenovirus x^been employed in a variety of neoplastic disease contexts 

encoding the anti-erbB-2 sFv was cytot xic to the erbB-2- to facilitate the administration of high-dose chemotherapy. In 

positive prostate carcinoma cell lines, but not to hematopoi- this regard, ABMT has become the accepted treatment modal - 

'Gene Therapy Program, 2 Division of Hematology and Oncology, Department of Internal Medicine, 3 Bone Marrow Transplantation Program, 
4 Department of Pathology, University of Alabama at Birmingham, Birmingham, AL 35294. 
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ity for selected groups of patients with malignant lymphomas 
and a variety of solid tumors including neuroblastoma and 
breast cancer (Peters et aL, 1993; Bociek et aL, 1995). Our 
group has also begun to explore the utility of this approach for 
advanced carcinoma of the prostate. 

To eliminate the possibility of reinfusion of malignant cells, 
ABMT strategies have been coupled to a variety of methods 
for eliminating tumor cells from the marrow or peripheral blood 
stem cells (PBSC) (Gribben and Nadler, 1993; Gee, 1995). 
Current marrow "purging" approaches have employed^me- 
chanical, chemical, and immunological procedures (Kies et aL, 
1988; Meyer et aL, 1991; Myklebust et aL, 1994; Moriyama et 
aL, 1992; Juneja et aL, 1995). Whereas these various method- 
ologies may achieve significant reductions in tumor cell con- 
tamination of marrow, these procedures are generally highly 
complex and labor intensive. In addition, the utility of these 
methods is contingent upon high-level expression of cancer-as- 
sociated cell-surface markers (Gross et aL, 1995; Simpson et 
aL, 1995). We report here a means to achieve marrow purge 
employing a novel gene therapy method. Our strategy is based 
upon a vector delivery approach, which accomplishes prefer- 
ential transduction of tumor cells, coupled with a mutation com- 
pensation strategy, to achieve selective cytotoxicity in tumor 
cells. Employing this combination approach, tumor cells can be 
effectively eliminated without significant reduction in viability 
of bone marrow progenitor cells. This procedure may offer sig- 
nificant advantages over described methods in terms of feasi- 
bility and applicability to a wide range of bone marrow purge 
contexts. 



MATERIALS AND METHODS 

Bone marrow 

Human bone marrow consisting of residual material from 
normal marrow processed for transplantation was obtained from 
the University of Alabama at Birmingham Hematopoietic Stem 
Cell Processing Facility and used throughout this study. Marrow 
cells were separated by Ficoll-Hypaque centrifugation at 900 X 
g for 20 min. Mononuclear cells were harvested from the in- 
terface, washed twice in phosphate-buffered saline (PBS, pH 
7.2), and cultured in Iscove's modified Dulbecco's medium 
(IMDM) supplemented with 2% fetal bovine serum (FBS) 
(StemCell Technologies, Inc., Vancouver, BC, Canada). Cells 
were irradiated with 5,000 rads prior to use in clonogenic mix- 
ing experiments with prostate carcinoma cells. 

Bone marrow aspirate 

An aspirate consisting of bone marrow cells contaminated 
with primary erbB-2-positive prostate carcinoma cells was ob- 
tained frozen from the Hematopoietic Stem Cell Processing 
Facility. Cells were quick-thawed at 37°C, resuspended in 
IMDM, and incubated at room temperature with 10 mg of 
DNase I (Sigma Corp., St. Louis, MO) for 1 min. Cells were 
then washed once with IMDM and equilibrated at room tem- 
perature for 2 hr. Mononuclear cells were harvested from the 
aspirate as described above and used the same day in quantita- 
tive reverse transcription polymerase chain reaction (QC-RT- 
PCR) experiments. 



Cell lines 

The human prostate carcinoma cells lines DU 145, LNCaP, 
PC-3, the human cervical carcinoma cell line HeLa, and the hu- 
man bone marrow leukemia cell line KG-1 were obtained from 
the American Type Culture Collection (Rockville, MD). 
Prostate carcinoma cell lines were cultured in RPMM640 sup- 
plemented with 10% fetal calf serum (FCS) (PAA, Newport 
Beach, CA), L-glutamine (300 /ig/ml), penicillin (100 IU/ml), 
and streptomycin (25 ptg/ml). HeLa cells were cultured in 
Dulbecco's modification of Eagle's medium (DMEM) with the 
aforementioned supplements. The KG-1 cells were cultured in 
IMDM. 

Gene transfer vectors 

Reporter plasmids encoding either Escherichia coli j3-galac- 
tosidase (pCMVj3) or firefly luciferase (pcLUC4) were 
combined with adenovirus-polylysine conjugate (AdpL) as pre- 
viously described (Deshane et aL, 1994). Replication-incom- 
petent, ElA/B-deleted recombinant adenoviruses encoding ei- 
ther the /3-Gal gene (AdCMVLacZ) or the luciferase gene 
(AdCMVLuc) were kindly provided by Dr. De-chu Tang 
(University of Alabama at Birmingham, Birmingham, AL) and 
Dr. Robert Gerard (University of Texas, Dallas, TX), respec- 
tively. An adenovirus encoding the endoplasmic reticulum (ER) 
directed anti-erbB-2 intracellular single-chain antibody (sFv) 
(Ad21) used for inducing specific cytotoxicity in tumor cells 
has been previously described (Deshane et aL, 1995b; Grim et 
aL, 1996). Adenoviral vectors were delivered to the target cells 
at a multiplicity of infection (moi) of 100 plaque-forming units 
(PFU) per cell. Cells were transduced with either the adenovirus 
(Ad) or AdpL vector in reduced serum medium (either RPMI- 
1640 or IMDM with 2% FCS) for 1 hr, then supplemented with 
appropriate culture medium and maintained until ready for 
analysis. 

Reporter gene assays 

Cells seeded into six-well tissue culture plates at about 70% 
confluency were transduced with the firefly luciferase or E. coli 
/3-Gal reporter genes via the AdpL vector or the recombinant 
adenovirus. At 24 hr post-infection, cell lysates were assayed 
for luciferase expression with a commercial luciferase assay kit 
(Promega Corp., Madison, WI) employing manufacturer's rec- 
ommendations. At 48 hr post-infection, /3-Gal expression was 
determined by flow cytometric methods using cells stained with 
fluorescein-di-/3-D-galactopyranoside (FDG) (Sigma, St. Louis, 
MO). Briefly, cells were suspended at a concentration of 1 X 
10 7 cells/ml in staining medium (PBS with 4% FCS and 10 mAf 
HEPES). An aliquot of cells (100 p\) was incubated at 37°C 
for 10 min and stained with 100 p\ of prewarmed 200 mAf FDG 
for 1 min. The reaction was quenched by the addition of 1 ml 
of staining medium, and cells were immediately assayed for 
FIX} uptake by fluorescence-activated cell sorting (FACS) 
analysis. 

Cell viability assay 

Cells were seeded at a density of 5 X 10 3 cells per well in 
96-well plates (Costar, Cambridge, MA). Twenty-four hours 
later, adenoviral vectors were delivered to the cells as described 
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above. At 96 hr post-infection, direct analysis of cell viability 
was measured using the Ceil Titer 96 AQ Non-Radioactive Cell 
Proliferation Assay (Promega Corp. Madison, WI). This assay 
is based on the ability of viable cells to reduce 3-(4,5-di- 
methylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sul- 
fophenyl)-2H-tetrazolium (MTS) to a formazan that is soluble 
in tissue culture medium and can be measured spectrophoto- 
metrically at an absorbance of 490 nra. MTS solution (2 ml) 
was mixed with 100 yl of phenazine methosulfate (PMS) im- 
mediately before addition to the cells in the dukure plate. 
MTS/PMS solution (20 p\) was then added into each well, 
maintaining a rate of 20 p\ of MTS/PMS to 100 pX of medium. 
After 30 min, the reduction product was measured at an ab- 
sorbance of 490 nm and compared to a standardized curve. 

Colony-forming unit assay 

All colony-forming unit-granulocyte erythroid monocyte 
macrophage (CFU-GEMM) assays were performed in triplicate. 
Fresh bone marrow cells were transduced with a control virus 
(AdCMVLacZ) or an adenovirus encoding the endoplasmic 
recticulum (ER) directed anti-erbB-2 sFv (Ad21) at 100 pfu/cell. 
One hour post-transduction, a total of 6 X 10 5 cells were resus- 
pended in 3 ml of Iscove's methylcellulose medium supple- 
mented with 10% agar leukocyte conditioned medium, 30% FBS, 
erythropoietin, bovine serum albumin (BSA), 2-mercaptoethanol, 
and L-glutamine (StemCell Technologies, Inc., Vancouver, BC, 
Canada). The suspension was plated onto 35-mm gridded dishes 
and colonies of >12 cells were scored 25 days post-infection. 

Clonogenic assay 

All clonogenic assays were performed in triplicate. The DU 
145 cell line was either treated alone, or mixed with irradiated 
bone marrow cells at ratios of 1 %, 10%, and 50% DU 145 cells. 
The target cells were transduced with a control virus 
(AdCMVLuc) or an adenovirus encoding the ER-directed anti- 
erbB-2 sFv (Ad21) at 100 pfu/cell. A total of 1 X 10 4 cells were 
then resuspended in 1 ml of 2X RPMI-1640 supplemented with 
20% FCS, L-glutamine, penicillin, streptomycin, and 0.2% no- 
ble agar (DIFCO, Detroit, MI). The cell suspension was plated 
over a layer of 0.4% noble agar in 1 ml of 2 X RPMI-1640 sup- 
plemented with 20% FCS, L-glutamine, penicillin, and strepto- 
mycin in 35-mm gridded dishes. A linear dilution of untrans- 
duced prostate cells was also plated at 1 X 10 2 cells/plate to 
5 X 10* cells/plate to determine cloning efficiency. Colonies of 
>12 cells were scored 21 days post-infection. 

Immunohistochemistry 

Paraffin sections (5 pm) of prostate carcinoma tissue re- 
sected from a patient were deparaffinized in xylene and rehy- 
drated prior to immunostaining. Slides were treated with 3% 
H2O2 for 5 min to quench endogenous peroxidase activity and 
incubated with preimmune goat serum (1%) for 1 hr to decrease 
nonspecific staining. The sections were then incubated with a 
monoclonal antibody specific for human pl85 erbB ~ 2 , clone 3B5 
(Oncogene Science, Uniondale, NY), at a concentration of 0.25 
/xg/ml for an hour at room temperature. An irrelevant mouse 
immunoglobulin G (IgG) (5 /Ag/ml) was used as a control for 
monoclonal antibody specificity. A commercial secondary de- 



tection system (Biogenex, San Ramon, CA) was used accord- 
ing to manufacturer's instructions for visualization of the erbB- 
2 protein. The slides were counterstained with hematoxylin. 

Quantitative, competitive RT-PCR 

A bone marrow aspirate contaminated with primary erbB-2- 
positive prostate carcinoma cells or fresh donor bone marrow 
spiked with 1% DU 145 prostate carcinoma cells were seeded 
in six-well plates at 1 X 10 5 cells/well. The cells were trans- 
duced with the ER-directed anti-erbB-2 sFv encoding ade- 
novirus, Ad21, at 100 PFU/cell. Untransduced cells were used 
as a control. At 1, 2, 3, and 7 days post-infection, RNA isola- 
tion and extraction were carried out on the cells essentially as 
described (Hockett et al., 1995). Cells were lysed in 4 M 
guanadine solution at —1,000 cells per microliter and stored at 
-80°C. A total of 2,000-5,000 cells were typically used per 
titration point. Combination of cell extracts with competitors, 
and the performance of reverse transcription (RT) and the poly- 
merase chain reaction (PCR) were as described (Hockett et at., 
1995), except isolated RNAs were treated with the denaturant 
methyl mercury hydroxide (MeHgOH) prior to RT. Following 
MeHgOH, RT was performed at 50°C with Superscript II 
(GIBCO-BRL, Gaithersburg, MD). The primer template for the 
housekeeping gene glyceraldehyde-3-phosphate dehydrogenase 
(G3PDH) is contained in the competitor pQPCR.GFOl.2 and 
for erbB-2; the template is contained in competitor 
pQPCR.BRCl (data not shown). Primers for G3PDH were 5' 
sense primer 5'-TCCTGCACCACCAACTG and 3' antisense 
primer 5'-BIOTIN-GCCTGCTTCACCACCTT. For erbB-2, 
the primers were: 5' sense primer 5 ' -CTGGTGCC ACTCTG- 
GAA and 3' antisense primer 5'-BIOTIN-CTCAAGC- 
AGGAAGGAAG. PCR conditions were 94°C for 30 sec, 55°C 
for 1 min, and 72°C for 30 sec for 35 cycles. PCR reactions for 
G3PDH had a final Mg 2+ concentration of 2.6 mAf and erbB- 
2 reactions had a final concentration of 1.6 mM. Plate-based 
EIA of PCR products was performed as described (Hockett et 
aU 1995). The detection oligonucleotide for G3PDH was 5'- 
CCTGACCTGCCGTCTAGAAAAACCT and for erbB-2 was 
5 ' -GCCC AGCCTTCG AC AACCTCTATTA. 



RESULTS 

Selective transduction of human prostate carcinoma 
cells 

To accomplish selective elimination of carcinoma cells from 
marrow by a gene therapy approach, viral vectors were evalu- 
ated for their potential to achieve preferential gene delivery to 
tumor targets at high efficiency. In this regard, effective trans- 
duction of a variety of tumor targets has been reported employ- 
ing recombinant adenoviral vectors (Brody et al. y 1994; Colak 
et ai, 1995; Deshane et aU 1995b; Feng et a/., 1995). In addi- 
tion, a vector approach based upon the derivation of 
adenovirus-polylysine-DNA (AdpL) complexes has been de- 
veloped and its efficacy shown in accomplishing efficient gene 
delivery to various carcinoma cells (Curiel et al. y 1992). Thus, 
the utility of these two vector approaches for transduction of three 
human prostate carcinoma cell lines was analyzed. For the ini- 
tial studies of vector efficiency, firefly luciferase was employed 



160 



KIM ET AL. 



as a reporter gene. This analysis provided an index of net gene 
expression based upon transduction efficacy of target cells. A 
replication-incompetent adenoviral vector encoding the firefly lu- 
ciferase gene (AdCMVLuc) was used at an moi of 100 pfu per 
cell to transduce the various cellular targets. The cell lysates were 
then analyzed for expression of the luciferase gene 24 hr later 
using the human cervical carcinoma cell line HeLa, a cell line 
reported to be highly transducible by both candidate vectors 
(Deshane et al, 1994; Rosenfeld et al. y 1995), as a positive con- 
trol. Figure 1A shows that the human prostate carcinoma cell 
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FIG. 1. Relative transduction efficiency of recombinant ade- 
novirus and AdpL complexes for human prostate carcinoma 
cells. Three human prostate carcinoma cell lines were trans- 
duced with either of two vectors encoding the firefly luciferase 
reporter gene, and 24 hr post-transduction cellular lysates were 
analyzed for luciferase expression. Vectors included the 
ElA/B-deleted replication-incompetent luciferase-encoding 
adenovirus, AdCMVLuc, and AdpL complexes containing the 
luciferase-encoding plasmid pcLUC4. HeLa, a human cervical 
carcinoma cell line, was used as a positive control. A. 
Transduction efficiency of recombinant adenovirus. B. 
Transduction efficiency of AdpL complexes. Experiments were 
performed three times with results reported as mean ± SEM. 



lines DU 145 and LNCaP expressed luciferase at levels compa- 
rable to those observed in the highly transducible HeLa cell line. 
The human prostate cell line PC-3 also expressed high levels of 
the reporter gene, although not of the same magnitude as the other 
prostate tumor targets. The AdpL vector system also accom- 
plished high levels of luciferase gene expression in these cell 
lines (Fig. IB). For these experiments, AdpL-DNA complexes 
that contained the luciferase-encoding expression plasmid 
pcLUC4 were prepared. As before, the DU145 and LNCaP lines 
exhibited higher levels of reporter gene expression than the PC- 
3 line. In contrast to the results obtained with the adenoviral vec- 
tor, overall levels of reporter gene expression in the various hu- 
man prostate carcinoma cell lines were somewhat less than that 
observed with the HeLa control. 

In addition, quantitation of the degree of transduction of hu- 
man prostate carcinoma cells achieved by these two vector sys- 
tems was determined by FACS analysis. A replication-incom- 
petent adenovirus encoding the LacZ gene (AdCMVLacZ) or 
AdpL complexes incorporating an expression plasmid encod- 
ing the LacZ gene (pCMV/5) were employed in tins study. 
Target cells were transduced and analyzed for transduction fre- 
quency by FDG staining for detection of the LacZ product fol- 
lowed by FACS analysis. As seen in Fig. 2, A and B, target 
cells were effectively transduced as evidenced by the deriva- 
tion of a distinct cell subpopulation expressing the LacZ gene. 
Quantification of the results provided a direct index of the per- 
centage of transduced cells expressing the reporter gene (Table 
1). In this study, both vectors systems achieved a highly effi- 
cient transduction of all of the human prostate carcinoma cell 
lines tested. Furthermore, HeLa control cells were transduced 
at >95% frequency, indicating the integrity of the transduction 
process. The DU 145, LNCaP, and PC-3 lines also demonstrated 
transduction frequencies of >95% in each instance. Although 
lower levels of net gene transfer were observed for the PC-3 
line with the luciferase-encoding adenoviral vector, overall 
transduction frequency was nonetheless comparable to the other 
prostate carcinoma lines when quantitated by /J-galactosidase 
(0-Gal) expression. This data implies that extremely high lev- 
els of transduction can be achieved employing both the ade- 
noviral vector and the AdpL vector for prostate carcinoma cells. 

Inefficient transduction of human bone marrow cells 

Because a component of this strategy is based upon the con- 
cept that candidate vectors will preferentially transduce prostate 
carcinoma cells, experiments to determine if these vectors 
would also be relatively ineffective in accomplishing gene 
transfer to normal bone marrow targets were undertaken. The 
luciferase-encoding adenoviral vector AdCMVLuc was deliv- 
ered to freshly isolated human bone marrow cells using HeLa 
cells and the human prostate carcinoma cell line DU 145 as 
controls. In this analysis, it was demonstrated that the levels of 
reporter gene expression in the fresh bone marrow cells were 
more than three orders of magnitude less than that observed 
with the human prostate carcinoma cell line DU 145 (Fig. 3A). 
For the AdpL complexes, a similar differential was seen (Fig. 
3B). 

Consistent results were observed when the transduction fre- 
quency of the bone marrow cells was evaluated using the LacZ 
reporter gene system. Figure 4, A and B, shows that a trans- 



GENE THERAPY PURGE OF PROSTATE CANCER 



161 




HeLa 






LNCaP 



PC-3 



FIG. 2. Quantitative transduction efficiency of recombinant adenovirus and AdpL complexes for human prostate carcinoma 
cells. Three human prostate carcinoma cell lines were transduced with either of two vectors encoding the E. coli /3-Gal gene 
(LacZ). Forty-eight hours post-transduction, cells were analyzed for expression of the LacZ gene after staining with FDG and 
performing FACS analysis. Vectors included the El A/B-deleted, replication-incompetent LacZ-encoding adenovirus AdCMVLacZ 
and AdpL complexes containing the LacZ-encoding plasmid pCMV0. HeLa, a human cervical carcinoma cell line, was used as 
a positive control. A. Quantitative transduction efficiency of recombinant adenovirus. B. Quantitative transduction efficiency of 
AdpL complexes. 



duced subset of bone marrow cells could not be identified em- 
ploying either the adenoviral vector or the AdpL complex. 
These data imply that adenoviral or AdpL vector systems do 
not accomplish efficient gene transfer to human bone marrow 
cells. The restricted vector tropism profile presented herein is 
consistent with the intended use of these reagents in the con- 
text of a marrow purge strategy. 



Cytotoxic effect of anti-erbB-2 sFv encoding 
adenovirus on erbB-2 positive prostate carcinoma 
cell lines 

The second selective component of this combination purg- 
ing strategy employs the anti-erbB-2 sFv approach to tumor ab- 
rogation. Previous studies have shown that intracellular ex- 
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pression of an anti-erB-2 sFv can induce cytotoxicity selectively 
in erbB-2-positive tumor targets (Deshane et al., 1994; Deshane 
et al 1995a,b; Grim et al., 1996). To validate the efficacy of 
anti^rbB-2 sFv-mediated cytotoxicity for prostate carcinoma 
cells in the context of an adenoviral vector, the ElA/B-deleted, 
repUcation-incompetent recombinant adenovirus encoding an 
ER-directed form of the anti-erbB-2 sFv (Ad21) was delivered 
to various prostate cancer cell lines. The luciferase-encoding 
adenoviral vector AdVCMVLuc was used as a control. Target 
cells for this analysis included human prostate carcinoma cell 
lines that have previously been shown to be erbB-2-positive 
(DU 145, LNCaP) or erbB-2-negative (PC-3) (Myers et al., sub- 
mitted). As noted earlier, each of these cell lines was transduced 
at >95% frequency by an adenoviral vector (Fig. 2A). The var- 



ious cell lines were infected with Ad21 and analyzed for via- 
bility 96 hr post-transduction. Figure 5 illustrates that the antt- 
erbB-2 sFv-encoding adenovirus accomplished effective erad- 
ication of erbB-2-positive prostate cell lines DU 145 and 
LNCaP without cytotoxicity in the erbB-2-negative prostate 
carcinoma cell line, PC-3. Thus, the strategy of an intracellu- 
lar antibody knockout appears to allow for selective tumor cell 
toxicity in the context of erbB-2-positive prostate tumor targets. 
In contrast, delivery of the control adenoviral AdCMVLuc at 
the same moi was not associated with any cytotoxicity in any 
of the human prostate carcinoma cell lines, suggesting that 
virus-associated nonspecific toxicity was not the basis of the 
observed antitumor effect These data establish that adenoviral 
vector-mediated delivery of the anti-erbB-2 sFv can induce spe- 
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Table 1. Quantitative Transduction Efficiency of 
Recombinant Adenovirus and Adenovirus- 

POLYLYSINE— DNA COMPLEXES FOR HUMAN PROSTATE 

Carcinoma Cells 





Transduction frequency (%) 


Cell line 


AdCMVLacZ 


AdpL 


HeLa 


96.19 


\- 99.99 


DU 145 


99.83 


98.09 


LNCaP 


99.66 


99.70 


PC-3 


98.08 


87.70 



cific cytotoxicity in erbB-2-positive prostate rumors based on 
genetic selectivity. 

Ncncytotoxic effect of oMi-erhB-2 sFv-encoding 
adenovirus on human bone marrow 

To confirm that Ad21 transduction does not kill non-erbB- 
2-expressing targets, the Ad21 vector was also applied to hu- 
man bone marrow cells. Both the bone marrow-analogous hu- 
man cell line KG-1, as well as fresh human bone marrow cells 
were used as targets in this experiment. The marrow cells were 
treated with the adenoviral vectors at an moi of 100 pfu per cell 
and then analyzed for viability at 96 hr post-transduction. Figure 
5 indicates that the Ad21 vector did not induce any detectable 
cytotoxicity in KG-1 cells nor in fresh bone marrow cells. As 
an additional test.of specificity, viral moi's were incrementally 
increased and bone marrow cells analyzed for viability as be- 
fore. In this analysis, moi's of up to 1,000 pfu also did not cause 
any significant toxicity in the marrow cells (Fig. 6). The cell 
viability results were comparable for both the anti-erbB-2 sFv- 
encoding adenovirus Ad21 as well as the control adenovirus 
AdCMVLuc. In this instance, the specificity of the sFv-induced 
cytotoxicity exclusively in erbB-2-positive cells would not be 
predicted to be operative in the context of erbB-2-negative bone 
marrow cells. Taken together, these data strongly imply that the 
delivery of Ad21 was not cytotoxic to bone marrow cell via- 
bility. 

Effect of anti-erbB-2 sFv-encoding adenovirus on bone 
marrow progenitor cell viability 

To determine whether delivery of the anti-erbB-2 sFv-en- 
coding adenovirus affected the ability of primary bone marrow 
progenitor cells to form colonies, colony-forming unit-granu- 
locyte erythroid monocyte macrophage (CFU-GEMM) assays 
were performed. For this study, fresh human bone marrow cells 
were transduced with either a control adenovirus 
(AdCMVLacZ) or the anti-erbB-2 sFv-encoding adenovirus 
(Ad21) at 100 pfu per cell. The number of colonies formed by 
bone marrow cells transduced with the control adenovirus 
AdCMVLacZ were the same as those formed by untransduced 
bone marrow cells (Fig. 7A). The results demonstrate that ex- 
posure to adenoviral vectors is not deleterious to progenitor 
cells, thus affirming the relative inability of adenoviral vectors 
to transduce bone marrow. In addition, transduction of the bone 
marrow cells with Ad21 resulted in no change in the number 
of colonies formed as compared to untransduced, or 
AdCMVLacZ-transduced, progenitor cells. Therefore, trans- 



duction and/or expression of anti-erbB-2 sFv is not harmful to 
the non-erbB-2-expressing bone marrow cells. 

Anti-erbB-2 sFv-mediated inhibition of 
anchorage-independent growth of an erbB-2-positive 
prostate carcinoma cell line 

To determine the capability of this purging strategy to ac- 
complish eradication of clonogenic prostate carcinoma cells, the 
Ad21 vector was delivered to the erbB-2-positive human 
prostate carcinoma cell line DU 145 with subsequent analysis 
for soft agar colony formation. Treatment of the prostate cells 
with the control adenovirus AdCMVLuc did not result in a 
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FIG. 3. Relative transduction^ efficacy of recombinant ade- 
novirus and AdpL complexes for human bone marrow cells. 
Target cells were transduced with luciferase-encoding reporter 
genes via the recombinant adenovirus AdCMVLuc or AdpL 
complexes containing the plasmid, pcLUC4. Twenty-four hours 
post-transduction, cellular lysates were normalized for total pro- 
tein content and analyzed for luciferase expression. Cells trans- 
duced included the human cervical carcinoma cell line HeLa, 
the human prostate carcinoma cell line DU 145, and fresh bone 
marrow cells derived from patient material. A. Transduction ef- 
ficacy of recombinant adenovirus. B. Transduction efficacy of 
adenovirus-^wlylysine complexes. Experiments were per- 
formed three times with results reported as mean ± SEM. 
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FIG. 4. Quantitative transduction efficiency of recombinant 
adenovirus and AdpL complexes for human bone marrow cells 
Fresh bone marrow cells were transduced with LacZ-encoding 
gCneS with either me recombinant adenovirus 
^J^i CZ ° r AdpL com P Iexes containing the plasmid 
pCMV£. Forty-eight hours post-transduction, bone marrow 
cells were analyzed for expression of the LacZ gene after stain- 
ing with FDG and performing FACS analysis. A. Transduction 
efficiency of recombinant adenovirus. B. Transduction effi- 
ciency of AdpL complexes. 

decrement of clonogenic cells compared to untransfected 
prostate carcinoma cells (Fig. 7B). In contrast, delivery of Ad21 
resulted in a dramatic decrement in the number of colonies ob- 
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served. As the viral vectors were delivered at a comparable moi 
Fig. 7B reflects the specific antitumor effect of the anti-erbB- 
2 sFv. 

To assess the ability of this methodology to eliminate tumor 
cells from fresh marrow, mixing experiments using the erbB- 
2-positive human prostate carcinoma cell line DU 145 and fresh, 
irradiated human bone marrow cells were investigated. At var- 
ious tumonbone marrow ratios, mixed cell populations were 
treated with the Ad21 vector and analyzed for clonogenicity of 
the tumor cell subset. Control experiments using untransduced 
DU 145 cells had established a cloning efficiency in the linear 
range for the tumor cell magnitudes studied (data not shown). 
Treating mixed marrow with the Ad21 anti-erbB-2 sFv-encod- 
mg adenovirus accomplished a significant reduction in tumor 
cells at all tested ratios compared to the control adenovirus 
AdCMVLuc (Fig. 8). At a 50% dilution, Ad21 accomplished 
greater than two orders of magnitude decrement in clonogenic 
tumor cells, suggesting that once optimized, adenoviral vector 
delivery of the anti-erbB-2 sFv can effectively reduce the num- 
ber of tumor cells in the context of a marrow purging approach. 

Reduction of erbB-2 mRNAfrom bone marrow as 
determined by quantitative, competitive RT-PCR 
analysis 

As an alternative methodology for determining degree of 
marrow purging quantitative, competitive RT-PCR (QC-RT- 
PCR) was used to analyze erbB-2 expression post-Ad21 treat- 
ment of marrow mixing experiments. In these assays, fresh bone 
marrow was mixed with 1% DU 145 cells, treated with Ad21 
and then analyzed at 1, 2, and 7 days post-transduction by QC- 
RT-PCR for total erbB-2 mRNA content. As indicated in Fig 
9, a >99.9% reduction of erbB-2 mRNA following treatment 
with Ad21 over 7 days could be demonstrated by this analysis 
These data closely agree with the clonogenic assays demon- 
strating effective elimination of erbB-2 positive carcinoma cells 
transduced with the anti-erbB-2 sFv-encoding adenovirus. 

To evaluate the efficacy of the anti-erbB-2 sFv strategy to 
purge primary erbB-2-positive cells from bone marrow, an as- 
pirate was obtained from a patient with documented metastasis 
of refractory prostate carcinoma. A section of the prostate 
biopsy from the same patient showed fields with strong im- 
munoreactivity for erbB-2, as illustrated in Fig. 10. 
Additionally, quantitative measurements of erbB-2 mRNA were 
obtained from the primary aspirate. The cells were treated with 
Ad21 and analyzed for total erbB-2 mRNA content at 1, 2, and 
3 days post-transduction. As shown in Fig. 1 1, a significant re- 
duction in erbB-2 mRNA was seen, although complete elimi- 
nation was not achieved in this case. Nevertheless, this purge 
strategy appears to function for primary tumor and marrow ma- 
terial derived in the context of clinical metastatic disease; 



DISCUSSION 

The defined strategy for marrow purge outlined herein is 
based upon vector selectivity at both the transduction^ as well 
as the genetic level. Adenoviral tropism for epithelial-derived 
cells allowed relative vector specificity for tumor targets within 
the context of the normal bone marrow progenitors. Therefore, 
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FIG. 5. Selective cytotoxicity of recombinant adenovirus encoding single-chain anti-erbB-2 antibody (sFv) directed for erbB- 
2-positive cells but not for human bone marrow cells. Human prostate carcinoma cell lines and human bone marrow cells were 
transduced with either a reporter gene encoding adenovirus (AdCMVLuc) or an adenovirus encoding the anti-erbB-2 (Ad21) and 
analyzed for viability by MTS assay 96 hr post-transduction. Untransduced cells served as an additional control. Target cells in- 
cluded erbB-2-positive human prostate carcinoma cell lines DU 145 and LNCaP and the erbB-2-negative human prostate cell 
line PC-3, as well as the leukemia cell line KG-1 and fresh human bone marrow. Adenoviral infections were carried out at a moi 
of 100 viral pfu per cell. Experiments were performed five times with results reported as mean ± SEM. 
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FIG. 6. Effect of various doses of anti-erbB-2 sFv-encoding adenovirus on human bone marrow cells. Human bone marrow 
cells were infected with the anti-erbB-2 sFv-encoding adenovirus (Ad21) at various moi values and analyzed for viability 96 hr 
post-transduction. Target cells included the KG-1 cell line as well as fresh human bone marrow cells. Experiments were per- 
formed five times with results reported as mean ± SEM. 
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selective gene delivery to human prostate carcinoma cells with- 
out appreciable ectopic transduction of normal marrow cells 
was observed. Both candidate vector systems achieved nearly 
quantitative transduction of human prostate carcinoma cells 
whereas no detectable transduction of marrow cells was noted. 



To this end, it has been reported that adenovirus is relatively 
ineffective in infecting lymphocyte and myelogenous cells 
(Horvath and Weber, 1988; Silver and Anderson, 1988; 
Haddada et al. f 1993; Huang et aL y 1995). In addition, a num- 
ber of reports have noted the inability of cells of the 
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° f ^P rostate u carcinoma from bone marrow. The human prostate carcinoma cell line DU 145 
cameo out at an moi of 100 pfu per cell. Experiments were performed three times each with results reported as mean ± SEML 
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r FIG. 9. Reduction of eibB-2 mRNA achieved in DU 145 cells 
treated with anti-erbB-2 sFv-encoding adenovirus. Human bone 
marrow spiked with 1% DU 145 cells was treated with the anti- 
erbB-2 sFv-encoding adenovirus Ad21. Target cells were then ana- 
lyzed for total erbB-2 mRNA content at 1 , 2, and 7 days post-trans- 
duction by QC-RT-PCR. Untransduced cells served as a control. 



myelomonocytic lineage to sustain adenoviral infection over 
time (Faucon et al, 1982; Chu et al, 1992). Although some re- 
ports employ adenoviral vectors for transduction of monocytes 
and bone marrow cells (Mitani et a/., 1994), viral moi values 
employed were relatively high and overall transduction effi- 
ciencies were appreciably lower than those achieved for ep- 
ithelial target cells. AdpL complexes are also relatively ineffi- 
cient in accomplishing gene transfer to myelogenous cell targets 
(Kim et aL, in press), although this limitation may be partially 
circumvented by incorporation of specific targeting moieties 
into the AdpL complex (Curiel et aL, 1994). Nonetheless, it ap- 
pears that these two candidate vectors possess a natural tropism 
profile whereby it can be predicted that they will not transduce 
bone marrow cells at a high efficiency. Therefore, this report 
demonstrates relative restriction of gene targeting to carcinoma 
cells while sparing marrow elements on the basis of transduc- 
tional specificity of the vector system employed for purging. 

The second necessary component of this purging strategy is 
based upon genetic induction of toxicity specifically in tumor 
targets. For this effect, an approach was employed that is based 
upon intracellular single-chain (sFv) antibody-mediated knock- 
out of a specific gene product. To this end, we have developed 
a novel method to achieve targeted tumor toxicity based upon 
expression of an intracellular single-chain antibody (sFv) di- 
rected against the erbB-2 oncoprotein. This strategy would pro- 
vide an additional means to spare normal marrow elements by 
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FIG. 10. Immunostaining for pl85erbB-2 of primary prostate carcinoma. Sections of prostate carcinoma tissue resected from 
a patient were immunostained with a monoclonal antibody specific for human erbB-2. Thick arrows indicate strong staining, thin 
arrows indicate weak staining, open arrows indicate primarily membrane staining, and solid arrows indicate primarily cytoplas- 
mic staining. A, B, C, and D represent different fields of the same biopsy. 
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assuring that vector-mediated nontumor transduction would not 
be associated with any cytotoxicity. Previous studies have 
demonstrated that this gene therapy approach induced apopto- 
sis exclusively in erbB-2 overexpressing tumor cells (Deshane 
et aL, 1996; Wright et aL, in press). Other reports have also 
shown that single-chain antibody constructs specific for the 
erbB-2 gene product are an effective means to induce selective 
tumor cell toxicity in erbB-2-positive tumor cells derived from 
the ovary, breast, and lung (Deshane et aL, 1994; Grim et a/., 
1996). In this study, expression of the antirerbB-2 sFv induced 
a four-log reduction in viability of erbB-2-poVitive prostate tu- 
mor cells. The data here corroborate previous findings in which 
AdpL-mediated delivery of the anti-erbB-2 sFv resulted in se- 
lective eradication of the erbB-2-positive human prostate car- 
cinoma cell lines DU 145 and LNCaP whereas the erbB-2-neg- 
ative cell line PC-3 was spared. Although erbB-2 has not been 
demonstrated to play a key role in transformation in the con- 
text of carcinoma of the prostate, its overexpression nonethe- 
less appears to sensitize tumor cells to sFv-mediated cvtotoxi- 
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city. 

An important aspect of the intracellular anti-oncogene 
knockout strategy is that it is highly specific. Thus, it has been 
shown for a large number of human tissues that lack erbB-2 
overexpression that expression of the intracellular sFv is not as- 
sociated with any toxicity. Moreover, erbB-2 expression has not 
been noted in the context of normal human bone marrow cells 
(Evinger-Hodges et aL, 1987; Di Fiore et aL, 1990). Therefore, 
it can be hypothesized that the anti-erbB-2 sFv, if expressed in 
these cells, would not be deleterious. To this end, ectopic trans- 
duction and killing of bone marrow progenitor cells would be 
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FIG. 11. Reduction of erbB-2 mRNA achieved in primary 
prostate carcinoma cells treated with anti-erbB-2 sFv-encoding 
adenovirus. Human bone marrow contaminated with erbB-2- 
positive refractory primary prostate carcinoma cells was treated 
with the anti-erbB-2 sFv encoding adenovirus, Ad21 at an raoi 
of 100 pfu/ceU. Target cells were analyzed at 1, 2, and 3 days 
post-treatment with Ad21 by QC-RT-PCR. Untransduced ceils 
served as a control. 



counterproductive for ABMT therapy in the context of deliv- 
ered genes that operate in a nonspecific manner. Here a genetic 
construct has been delivered whereby there was no observable 
bone marrow toxicity in total cell number nor progenitor cell 
viability, despite extremely effective tumor cell eradication. 
Thus, this post-transductional targeting schema offers an addi- 
tional margin of selectivity within this purging strategy. 

To evaluate better the efficacy of this novel purging strat- 
egy, a relatively rapid methodology to quantitate the degree of 
tumor target elimination was also developed. In this regard, QC- 
RT-PCR is increasingly being used both for detection of occult 
micrometastases in bone marrow harvests of ABMT candidates, 
and as a prognostic indicator of the utility of ABMT purge stud- 
ies (Wood et aL, 1994; Stockschlader et aL, 1995). Using QC- 
RT-PCR, essential elimination of DU 145 cells from bone mar- 
row mixing experiments was achieved. Although this data could 
be a simple down-modulation of erbB-2 mRNA levels, it closely 
agrees with the previous clonogenic assay results and suggests 
that specific tumor cell killing has occurred. In addition, a sub- 
stantial reduction of erbB-2 mRNA levels was seen using QC- 
RT-PCR analysis on a bone marrow aspirate contaminated with 
refractory erbB-2 positive primary prostate carcinoma cells 
Although residual erbB-2 mRNA could be detected in this pre- 
liminary study, careful optimization of assay conditions should 
allow the genetic purge strategy presented here to have poten- 
tial for clinical efficacy. 

This approach to marrow purge exploits two distinct gene 
therapy techniques to achieve selective elimination of tumors 
cells. By combining both a transductional and post-transduc- 
tional approach, selective elimination of tumor targets was 
achieved. In this regard, a wide variety of methods have been 
developed to achieve elimination of tumor cells from marrow 
m the context of ABMT. In some of these instances, dramatic 
reduction of tumor cell contamination may be achieved, ap- 
proaching a 4- to 5-order of magnitude elimination. In consid- 
ering the present report in this context, it must be noted that 
many of the approaches employ panels of multiple antitumor 
antibodies and/or multistep purification schemas. Here, we re- 
port a novel conceptual approach to achieve this same end that 
may offer certain advantages compared to these earlier studies 
with respect to genetic specificity. In this regard, the efficacy 
of intracellular antibodies may not be as subservient to target 
antigen level, as conventional antibody delivered toxins 
(Wawrzynczak, 1992). In addition, it may be possible to target 
alternate markers in the event that disease is refractory to an 
sFv targeted to a primary tumor antigen. After further opti- 
mization, direct comparison to these earlier techniques will be 
feasible. Other investigators have also begun to explore viral- 
mediated transduction of tumor targets. Clarke et aL have re- 
cently reported that adenovirus-mediated delivery of the bcl-x s 
gene eradicates a variety of epithelial tumors (Clarke et all 
1995). Further, fcc/-x s 's transduced marrow could fully recon- 
stitute severe combined immunodeficiency disease (SCID) 
mice, demonstrating that the adenoviral vector has no untoward 
effect on any of the hematopoietic lineage. This study corrob- 
orates our concept that a genetic approach to marrow purge is 
possible. The present work extends this concept by the de- 
scription of a second selection step. This bone marrow purge 
strategy, which utilizes both transductional and genetic speci- 
ficity, provides an efficient means to remove erbB-2-positive 



GENE THERAPY PURGE OF PROSTATE CANCER 



169 



prostate tumor cells from bone marrow cells used for autolo- 
gous bone marrow transplantation and provides a model for fu- 
ture ex vivo genetic purge applications. 
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PreclioiDcaD Meclhaimiisnros off ActDomi off OocetaxeD a.ncfl Docetaxel 
CooTDbDoatDOims ami Prostate Cancer 

Kenneth J. Pienta 



Docetaxel, a semisynthetic taxane, has exhibited signif- 
icant single-agent activity against prostatic tumors. In 
phase l/ll studies, single-agent docetaxel and the com- 
bination of docetaxel plus estramustine were effective 
in inducing prostate-specific antigen reductions of 
^50% in men with androgen-independent prostate can- 
cer (AIPC). The underlying reason for docetaxePs clin- 
ical activity against prostate cancer has been a focus of 
ongoing research. Docetaxel is believed to have a two- 
fold mechanism of antineoplastic activity: (I) inhibition 
of rri;c-ct"jbi;!ar depoiymeriTation. and (2) attenuation 
of the effects of bcl-2 and bcl-xL gene expression. Tax- 
ane-induced microtubule stabilization arrests cells in 
the G 2 M phase of the cell cycle and induces bcl-2 phos- 
phorylation, thereby promoting a cascade of events 
that ultimately leads to apoptotic cell death. In preclin- 
ical studies, docetaxel had a higher affinity for tubulin 
and was shown to be a more potent inducer of bcl-2 
phosphorylation than paclitaxel. Laboratory evidence 
also supports the clinical evaluation of docetaxel-based 
combinations that include agents such as trastuzumab 
and/or estramustine. The pathways for docetaxel- 
induced apoptosis appear to differ in androgen- 
dependent and androgen-independent prostate cancer 
cells. Further elucidation of these differences will be 
instrumental in designing targeted regimens for the 
treatment of localized and advanced prostate cancer. 
Semin Oncol 28 (suppl IS):3-7. Copyright © 2001 by WCB. 
Saunders Company, 

PROSTATE CANCER continues to be a ma- 
jor cause of morbidity among older men in the 
United States and is expected to result in 31,500 
deaths in 200 1. 1 Prostatic tumors generally re- 
spond to initial androgen ablation therapy; how- 
ever, this treatment exerts preferential effects 
against androgen-dependent cells, while andro- 
gen-independent cells continue to thrive. These 
androgen-independent cells are responsible for the 
disease relapse associated with advanced prostate 
cancer. Chemotherapy is one of the main treat- 
ments of choice for hormone-refractory prostate 
cancer (HRPC) or androgen-independent prostate 
cancer (AIPC). Until recently, cytotoxic chemo- 
therapy was viewed as a rather ineffective ap- 
proach to prostate cancer management, but newer 
agents have demonstrated the potential for en- 
hanced clinical activity in this setting. 2 



CLINICAL STUDIES OF DOCETAXEL IN 
PROSTATE CANCER PATIENTS 

Docetaxel (Taxotere; Aventis Pharmaceuticals 
Inc, Bridgewater, NJ) has shown promise for the 
treatment of AIPC when used as monotherapy or 
in combination with other che mo therapeutic 
agents. The approved dosage range for breast can- 
cer is 60 to 100 mg/m 2 administered as a 1-hour 
intravenous infusion every 3 weeks. 3 In a recent 
phase II study by Friediand et al, 4 38% of patients 
receiving docetaxel, 75 mg/m 2 intravenously (IV) 
every 3 weeks, for AIPC achieved a prostate- 
specific antigen (PSA) level decrease of ^50%, 
and more than 50% of patients experienced symp- 
tomatic improvement. Picus and Shultz 5 also eval- 
uated docetaxel, 75 mg/m 2 IV, in 35 patients with 
AIPC 5 ; 46% of patients experienced PSA level 
decreases of ^50%, with seven patients achieving 
PSA reductions of >80%. 5 

Clinical studies have evaluated the combina- 
tion of docetaxel and estramustine in patients with 
AIPC. A small-scale phase I study by Kreis and 
Budman 6 showed that 82% of patients with met- 
astatic AIPC who received docetaxel (40 to 80 
mg/m 2 IV) plus oral estramustine (14 mg/kg) daily 
achieved PSA reductions of >50%. In a phase I 
study by Petrylak et al, 7 docetaxel (40 to 80 mg/m 2 
IV on day 2) plus a 5 -day course of oral estramus- 
tine (280 mg three times daily on days 1 through 
5) every 3 weeks produced PSA reductions of 
^50% in 70% of patients with minimally pre- 
treated AIPC and 50% of those with heavily pre- 
treated disease. 

These promising clinical data for docetaxel and 
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docetaxel/estramustine in patients with AIPC lead 
us to question why docetaxel appears to be more 
effective than other chemotherapeutic agents with 
activity against this difficult- to- treat disease. 

PRECLINICAL STUDIES OF DOCETAXEL 

Docetaxel, a semisynthetic ta^ane, is believed 
to have a twofold mechanism of antineoplastic 
activity. 2 * 8 First, docetaxel inhibits microtubular 
depolymerization; second, it has been found to 
counter the effects of bcl-2 and bcl-xL gene ex- 
pression. 9,10 Microtubule stabilization, the most 
widely accepted mechanism of action, involves the 
binding of docetaxel to ^-tubulin, thus promoting 
polymerization- 11 

Under normal conditions, microtubules undergo 
polymerization in the presence of microtubule- 
associated proteins and guanosine triphosphate 
(GTP), which interacts with 0-tubulin. 12 Tax- 
anes, however, have been shown to bind preferen- 
tially to /3-tubulin, 13 leading to microtubule assem- 
bly in the absence of GTP and other cofactor 
proteins. 14 Once bound by taxanes, microtubules 
cannot be disassembled, even at 4°C or in the 
presence of Ca 2+ ions (two standard in vitro 
methods used for microtubule depolymeriza- 
tion). 13 * 15 This static polymerization disrupts the 
normal mitotic process and typically arrests cells in 
the G 2 M phase of the cell cycle, ultimately leading 
to apoptosis. 

Docetaxel has demonstrated a greater and more 
slowly reversible degree of polymerization than 
paclitaxel. 8 The equilibrium constant for tubulin 
binding also favors docetaxel, 12 suggesting that it 
has a somewhat higher affinity for tubulin than 
paclitaxel and is a more potent inducer of micro- 
tubule assembly. The dissociation constant for the 
binding of docetaxel to tubulin also is much 
greater than the LD 50 in several prostate cancer 
cell lines (LNCaP and DU-145). 10 Therefore, it 
has been hypothesized that docetaxel concentrates 
within cells, 16 * 17 making it a more potent micro- 
tubule stabilizer intracellularly than extracellu- 
larly. 

It is well established that docetaxel arrests cells 
in the G 2 M phase of the cell cycle. Cells that 
undergo this cell cycle arrest also exhibit bcl-2 
phosphorylation, an additional apoptotic marker. 
The bcl-2 gene is a member of a novel class of 
oncogenes that contribute to neoplastic progres- 
sion by enhancing tumor cell survival through 



inhibition of apoptotic cell death. 18 We have pre- 
viously shown that bcl-2 normally is phosphory- 
lated as part of the G 2 /M interface. We theorize 
that this temporary event provides for activation 
of the caspase cascade, thereby facilitating mitosis 
via the dissolution of lamins and other cell struc- 
ture proteins. The taxanes, by inducing bcl-2 
phosphorylation, force continued activation of the 
caspase cascade, leading to increased apoptosis 
(Fig 1). Bcl-2 dimerizes with bax, a proapoptotic 
protein, and subsequently inhibits its function. 19 It 
has been demonstrated that bcl-2 overexpression 
protects prostate cancer cells from apoptosis after 
androgen withdrawal; therefore, bcl-2 has become 
a target for antisense technology. 20 Several exper- 
imental and clinical studies suggest that enhanced 
bcl-2 expression confers both chemoresistance and 
androgen resistance and, in effect, may lead to 
androgen independence. 21 * 22 In 1995, Haldar et 
al 23 demonstrated that phosphorylation of bcl-2 at 
serine residues leads to loss of bcl-2 antiapoptotic 
function. This phenomenon is thought to occur 
through decreased bcl-2 binding to the proapop- 
totic bax protein. 24 Taxane- induced microtubule 
stabilization appears to induce bcl-2 phosphoryla- 
tion in cancer cells, followed by an increase in free 
bax and apoptosis. 24 In prostate cancer cells, do- 
cetaxel is more potent than paclitaxel in inducing 
bcl-2 phosphorylation and apoptotic death 9 

In a recent study by Krajewski et al, 25 the anti- 
apoptotic protein bcl-xL was expressed in all clin- 
ical prostate cancers (64 of 64). Although do- 
cetaxel induces phosphorylation of bcl-xL in 
several cell lines, this does not occur in LNCaP 
and PC-3 prostate cancer cells. 26 Instead, do- 
cetaxel appears to decrease bcl-xL protein and 
messenger RNA expression. 10 Many have specu- 
lated that these effects are capable of sensitizing 
cells to other chemotherapeutic agents; however, 
this remains unclear. 

PRECLINOCAL RATIONALE FOR CURRENT 
AND FUTURE TAXOTERE COMBINATIONS 
ON (PROSTATE CANCER 

Burris 27 recently showed a true in vitro and in 
vivo synergistic interaction between docetaxel and 
trastuzumab (Herceptin; Genentech, Inc, South 
San Francisco, CA), a recombinant human anti- 
HER2 monoclonal antibody. HER2 status has 
shown utility for identifying those patients most 
likely to derive benefit from chemotherapy and for 
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monitoring the effectiveness of treatment. Estra- 
mustine-based combination chemotherapy has 
demonstrated substantial therapeutic potential in 
the management of prostate cancer. 28 * 29 In phase 



II studies, PSA reductions up to 60% were re-r 
ported in patients receiving estramustine plus vhv 
blastine and/or etoposide for AIPC. 28,29 Tradition- 
ally, estramustine phosphate was thought to exert 




Fig 2. Docetaxel-induced apoptotic pathways In LNCaP and PC-3 cells. 23 BID, BH3-interacting domain death agonist; FADD, 
Fas-associated death domain protein; APAF-I, apoptosis protease-activating factor I. 
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its antitumor activity by interfering with microtu- 
bule function. However, recent studies have found 
that estramustine metabolites bind to mutated an- 
drogen receptors in LNCaP cells and inhibit their 
function by blocking receptor phosphoryla- 
tion. 30 ' 31 A recent in vitro study by Williams et 
al 32 showed that the combination of docetaxel and 
estramustine exerts significant Cytotoxic effects in 
PC-3 and MatLyLu prostatic cell lines. 

Because prostatic tumors are composed of both 
androgen-dependent and androgen- independent 
cells, the therapeutic efficacy of a given biologic, 
hormonal, or cytotoxic agent may depend in part 
on the relative proportions of these cells. Re- 
cently, Muenchen et al 33 demonstrated that the 
pathways for docetaxei-induced apoptcsis differ 
between androgen-responsive LNCaP cells and 
androgen-independent PC-3 cells. LNCaP cells 
appeared to cleave caspase-3 and -7, whereas PC-3 
cells cleaved caspase-8 (Fig 2). Furthermore, sur- 
vivin, an antiapoptotic marker, has been shown to 
be expressed constitutively in PC-3 cells but not in 
LNCaP cells, which instead express the apoptotic 
marker, clusterin. 33 The stark contrast between 
the apoptotic pathways within these two cell lines 
will aid researchers in identifying specific therapies 
with activity against localized versus advanced 
prostate cancer. 

CONCLUSION 

The future of docetaxel and docetaxel-based 
combinations as a component of prostate cancer 
management is promising. In recent years, clinical 
trials have demonstrated that docetaxel, 75 mg/m 2 
IV every 3 weeks, is effective in inducing PSA 
responses >50% in patients with AIPC. Do- 
cetaxel-based combination chemotherapy appears 
to be more effective than single-agent docetaxel in 
this setting. Recent preclinical studies have im- 
proved our understanding of docetaxel's pro- 
nounced antineoplastic activity against prostatic 
tumors. The antitumor activity of docetaxel in 
patients with prostate cancer and other solid tu- 
mors has stimulated further research into the cy- 
totoxic properties of this novel taxane. 
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